Cell-cell adhesion and apicobasal polarity are critical for epithelial function. In vertebrates, tight junctions (TJs) define the apical--basolateral membrane border^[@R1],[@R2]^, acting as a "gate" by regulating paracellular traffic, and a "fence" by limiting apicobasal diffusion, thereby maintaining apicobasal polarity. Adherens junctions (AJs), located below TJs, provide strong intercellular connections, helping to maintain tissue architecture. Cytoplasmic signalling and scaffolding protein complexes associated with AJs and TJs, such as the Par complex (Par-3-Par-6-atypical Protein Kinase C), regulate junction assembly and polarity^[@R3]^. Disrupted cell-cell adhesion and polarity contributes to tumour development and malignant progression^[@R4]-[@R6]^. Deciphering the molecular mechanisms regulating cell-cell adhesion and polarity will enhance our understanding of tumourigenesis and potentially improve therapies.

The small GTPase Rac and its activator Tiam1 (T-cell lymphoma invasion and metastasis 1) regulate TJs, AJs, and are implicated in tumourigenesis^[@R7]^. However, their exact roles at cell-cell adhesions remain controversial. One study found Tiam1-Rac inhibition to be required for TJ assembly^[@R8]^, whilst other studies have shown that Tiam1-Rac activity promotes TJ assembly^[@R9],[@R10]^, consistent with it promoting AJs^[@R11]-[@R13]^. Moreover, precisely how Tiam1 contributes to tumourigenesis remains unknown, although its regulation of cell-cell adhesions, cell cycle progression^[@R12],[@R14]-[@R16]^ and survival^[@R14],[@R17]-[@R21]^ are all believed to be important.

To better understand how Tiam1-Rac signalling contributes to tumourigenesis we further investigated its function at cell-cell adhesions. We identified β2-syntrophin as a Tiam1 interactor and found that in contrast to Par-3^[@R8]^, β2-syntrophin promotes Tiam1-Rac activity during TJ assembly. These differential effects result in an apicobasal Rac activity gradient at developing cell-cell junctions that controls TJ assembly and apicobasal polarity. Finally, we showed that reduced membrane-associated β2-syntrophin correlates with prostate cancer progression.

RESULTS {#S1}
=======

A PDZ-mediated interaction between Tiam1 and the β2-syntrophin-utrophin-dystrobrevin-beta complex {#S2}
-------------------------------------------------------------------------------------------------

By tandem affinity purification of tagged Tiam1 followed by mass spectrometry, we identified β2-syntrophin, utrophin and dystrobrevin-beta as Tiam1 interactors among the known interactors 14-3-3, ERK1, Camk2 and Cask^[@R11],[@R22]-[@R24]^ ([Supplementary Information, Table 1](#SD12){ref-type="supplementary-material"}). β2-syntrophin, utrophin and dystrobrevin-beta form a complex localising to the basolateral membrane in MDCKII cells^[@R25]^, however, its role at cell-cell adhesions was unknown. We hypothesised that this complex could be important for Tiam1's function at cell-cell adhesions. We performed co-immunoprecipitations to validate the mass spectrometry results. We found that exogenous Tiam1 co-precipitates endogenous syntrophin and utrophin from HEK293T cells ([Fig. 1a](#F1){ref-type="fig"}). Moreover, endogenous Tiam1 co-precipitated endogenous syntrophin ([Fig. 1b](#F1){ref-type="fig"}), and Tiam1 and β2-syntrophin co-localised at cell-cell adhesions in MDCKII cells ([Fig. 1c](#F1){ref-type="fig"}). We next defined their interaction domains utilising N-terminally truncated Tiam1-HA constructs and GFP-tagged β2-syntrophin domain constructs^[@R25]^ ([Figs 1d, 1e](#F1){ref-type="fig"}). We found that the C-terminal 196 amino acids of Tiam1 (C196-Tiam1) and the PDZ domain of β2-syntrophin were sufficient for the interaction ([Fig. 1f](#F1){ref-type="fig"} and [Supplementary Information, S1a, S1b](#SD3){ref-type="supplementary-material"}). C196-Tiam1 contains the internal sequence KETDI matching the consensus syntrophin PDZ-binding motif (PBM), K/R-E-(S/T)-X-(V/L/I/M)^[@R26]^ ([Fig. 1d](#F1){ref-type="fig"} and [Supplementary Information, Fig. S1c](#SD3){ref-type="supplementary-material"}). Deletion of KETDI from C196-Tiam1 ([Fig. 1f](#F1){ref-type="fig"}), and from full-length Tiam1 ([Fig. 1g](#F1){ref-type="fig"}), abolished the interaction with β2-syntrophin, despite there being additional sequences in Tiam1 matching the consensus syntrophin PBM ([Supplementary Information, Fig. S1c](#SD3){ref-type="supplementary-material"}). Two short Tiam1 fragments containing KETDI (KETDI-19 and KETDI-27) did not bind or bound only weakly to β2-syntrophin, whereas a longer fragment (KETDI-44) did interact ([Fig. 1h](#F1){ref-type="fig"} and [Supplementary Information, Fig. S1d](#SD3){ref-type="supplementary-material"}), suggesting the interaction requires residues flanking KETDI. Furthermore, KETDI was required for the Tiam1-utrophin interaction ([Fig. 1g](#F1){ref-type="fig"}) and β2-syntrophin knockdown abolished the Tiam1-utrophin interaction ([Fig. 1i](#F1){ref-type="fig"}), suggesting that Tiam1 interacts with utrophin indirectly via β2-syntrophin. The KETDI sequence is highly conserved in Tiam1 orthologues ([Supplementary Information, Fig. S1e](#SD3){ref-type="supplementary-material"}), indicating the importance of the interaction for Tiam1 function. Notably, this sequence is found in Tiam2 (Stef) ([Supplementary Information, Fig. S1e](#SD3){ref-type="supplementary-material"}).

β2-syntrophin regulates TJ assembly {#S3}
-----------------------------------

We next investigated whether β2-syntrophin regulates cell-cell adhesion similarly to Tiam1^[@R8]-[@R13]^. For this we engineered MDCKII cells with doxycycline-inducible expression of shRNA sequences targeting *β2-syntrophin* and a non-targeting control ([Figs 2a, 2b](#F2){ref-type="fig"}). Calcium withdrawal disassembles cell-cell adhesions which is reversed by calcium readdition^[@R27]^ (calcium switch, CS). The remodelling of junctional complexes following CS mimics events accompanying epithelial cell movements during wound closure and tumour development. TJ integrity can be assessed by measuring transepithelial electrical resistance (TER) of cell monolayers grown on transwell filters and together with immunostaining for TJ markers has been widely used to identify TJ assembly regulators^[@R8],[@R10],[@R28],[@R29]^. We found that β2-syntrophin knockdown in MDCKII cells markedly retards CS-induced TER development, indicating defective TJ assembly ([Fig. 2c](#F2){ref-type="fig"}). We confirmed the TER defect was β2-syntrophin-dependent by rescuing with expression of shRNA-resistant β2-syntrophin ([Figs 2d, 2e](#F2){ref-type="fig"}). Immunofluorescence for the TJ marker occludin after CS confirmed a delay in TJ assembly ([Fig. 2f](#F2){ref-type="fig"}). We also observed delayed TJ assembly after plating ([Figs 2g, 2h](#F2){ref-type="fig"}), confirming the defects are not CS-specific. Immunostaining for β-catenin revealed impaired AJ assembly in β2-syntrophin knockdown cells ([Supplementary Information, Fig. S2a](#SD4){ref-type="supplementary-material"}). It is possible that the TJ assembly defects result from defective AJ formation. By performing hanging-drop assays to assess the aggregation ability of single cells, we also found that β2-syntrophin knockdown impedes cell-cell aggregation ([Supplementary Information, Figs S2b, S2c](#SD4){ref-type="supplementary-material"}). Moreover, a cell-dissociation assay demonstrated that β2-syntrophin knockdown compromises cell-cell adhesion strength ([Supplementary Information, Fig. S2d](#SD2){ref-type="supplementary-material"}). Together, these results demonstrate that β2-syntrophin regulates epithelial cell-cell adhesions.

Tiam1-induced Rac activity impedes TJ assembly {#S4}
----------------------------------------------

To relate β2-syntrophin function at cell-cell adhesions to its Tiam1 interaction, we further interrogated Tiam1 function in TJ assembly, since previous studies are conflicting^[@R8]-[@R10]^. We found that doxycycline-inducible Tiam1 knockdown in MDCKII cells for either a short or long period did not inhibit CS-induced TER development, but slightly enhanced it ([Figs 3a-d](#F3){ref-type="fig"}). Tiam1 knockdown with an alternative shRNA did not alter TER, likely due to less-efficient knockdown ([Supplementary Information, Figs S3a-d](#SD5){ref-type="supplementary-material"}). We next found that Tiam1-HA-WT over-expression retarded CS-induced TER development ([Fig. 3e](#F3){ref-type="fig"}). Immunostaining for occludin ([Fig. 3f](#F3){ref-type="fig"}) and quantifying the number of intact junctions ([Fig. 3g](#F3){ref-type="fig"}) confirmed delayed TJ assembly. To investigate whether this was through Rac activation, we analysed the effect of over-expressing dominant-negative/GEF-dead Tiam1 (Tiam1-HA-DH\*) at levels comparable to Tiam1-HA-WT ([Supplementary Information, Fig. S3e](#SD5){ref-type="supplementary-material"}). Tiam1-HA-DH\* expression enhanced CS-induced TER development ([Fig. 3h](#F3){ref-type="fig"}) consistent with our Tiam1 knockdown data. Immunostaining for occludin at 15 min following CS ([Fig. 3i](#F3){ref-type="fig"}) and quantifying the number of intact junctions ([Fig. 3j](#F3){ref-type="fig"}) confirmed accelerated TJ assembly. Collectively, these results show that Tiam1-induced Rac activity impedes TJ assembly in MDCKII cells, consistent with the findings of Chen and Macara^[@R8]^.

β2-syntrophin promotes Tiam1-Rac activity during TJ assembly {#S5}
------------------------------------------------------------

We next investigated whether the ability of over-expressed Tiam1 to inhibit TJ assembly requires its interaction with β2-syntrophin. Expression of Tiam1-HA-ΔKETDI at levels comparable to Tiam1-HA-WT ([Supplementary Information, Fig. S4a](#SD6){ref-type="supplementary-material"}) had little effect on CS-induced TER development ([Fig. 4a](#F4){ref-type="fig"}). Likewise, no significant change in TJ assembly was observed following immunostaining for occludin ([Fig. 4b](#F4){ref-type="fig"}) and quantification of intact junctions ([Fig. 4c](#F4){ref-type="fig"}). Since the inhibition of TJ assembly by over-expressed Tiam1 requires its Rac-GEF activity ([Figs 3h-j](#F3){ref-type="fig"}), we hypothesised that β2-syntrophin promotes Tiam1-mediated Rac activation during TJ assembly. We therefore compared Rac activity levels in cells expressing Tiam1-HA-WT, -ΔKETDI or -DH\* either maintained in high calcium medium (HCM) or at 60 min following CS. In parental and Tiam1-HA-WT expressing MDCKII cells Rac activity at 60 min following CS is induced to levels similar to HCM ([Supplementary Information, Fig. S4b](#SD6){ref-type="supplementary-material"}, and [Fig. 4d](#F4){ref-type="fig"}). In contrast, Tiam1-HA-ΔKETDI expressing cells showed reduced Rac activity at 60 min following CS ([Fig. 4d](#F4){ref-type="fig"}), which was significantly lower than in Tiam1-HA-WT expressing cells ([Fig. 4e](#F4){ref-type="fig"}). Cells expressing Tiam1-HA-DH\* had low Rac activity under both HCM and CS conditions ([Fig. 4d](#F4){ref-type="fig"}).

We next investigated whether β2-syntrophin knockdown affects Rac activity. Control and β2-syntrophin knockdown cells had comparable levels of Rac activity in HCM ([Figs 4f, 4g](#F4){ref-type="fig"}). However, β2-syntrophin knockdown cells had reduced CS-induced Rac activation ([Figs 4h, 4i](#F4){ref-type="fig"}), consistent with reduced Tiam1 activity since Tiam1 is also required for CS-induced Rac activation ([Figs 4j, 4k](#F4){ref-type="fig"}). Importantly, β2-syntrophin knockdown did not increase the endogenous Tiam1-Par-3 interaction at 60 min following CS ([Supplementary Information, Figs S4c, S4d](#SD6){ref-type="supplementary-material"}), excluding the possibility that the Rac activation defects are due to an increase in the inhibitory Par-3-Tiam1 interaction^[@R8]^.

We next analysed the effect of inhibiting the Tiam1-β2-syntrophin interaction on CS-induced Rac activation. Expression of the Tiam1 fragment KETDI-44 reduced the endogenous interaction ([Fig. 4l](#F4){ref-type="fig"}). Inducible KETDI-44 expression inhibited CS-induced Rac activation ([Figs 4m, 4n](#F4){ref-type="fig"}), providing further evidence that β2-syntrophin promotes CS-induced Rac activation through binding Tiam1. Furthermore, we observed β2-syntrophin, along with E-cadherin and Par-3, localising to cell-cell junctions at 60 min after CS ([Supplementary Information, Fig. S4e](#SD6){ref-type="supplementary-material"}). Together, these results suggest that β2-syntrophin promotes Tiam1-Rac activity at developing cell-cell junctions in MDCKII cells.

β2-syntrophin and Par-3 localise differently along the apicobasal axis {#S6}
----------------------------------------------------------------------

Initially it seemed counterintuitive that β2-syntrophin, an apparent positive regulator of TJ assembly, would promote Tiam1-Rac activity, an apparent negative regulator of TJ assembly. However, the contribution of Tiam1 to CS-induced Rac activation ([Figs 4j, 4k](#F4){ref-type="fig"}), indicates also a positive role during TJ assembly. To rationalise our data, and considering the inhibitory effect of Par-3 on Tiam1 during TJ assembly^[@R8]^, we postulated that both inhibitors and activators of Tiam1-Rac control TJ assembly. We hypothesised that β2-syntrophin and Par-3 localise differently at cell-cell junctions, thereby spatially regulating Tiam1-Rac activity, which might in turn drive optimal TJ assembly. To investigate this, we analysed Par-3, β2-syntrophin and Tiam1 localisations along the apicobasal axis of MDCKII cells. We found that β2-syntrophin localises more basally than Par-3, although with some overlap ([Figs 5a, 5b](#F5){ref-type="fig"}). Quantifying staining intensities at individual junctions confirmed the differential localisations of Par-3 and β2-syntrophin ([Figs. 5c, 5d](#F5){ref-type="fig"}), and revealed that while Tiam1 and Par-3 overlap, the peak of Tiam1 expression was below that of Par-3 ([Fig. 5c](#F5){ref-type="fig"}). In β2-syntrophin knockdown cells, while both Tiam1 and Par-3 still localised to cell-cell junctions, we observed a significant shift in Tiam1 localisation in the apical direction relative to Par-3 ([Figs 5e-g](#F5){ref-type="fig"}). It is possible that β2-syntrophin promotes TJ assembly through maintaining correct Tiam1 localisation along the apicobasal axis, in addition to regulating Tiam1 activity.

Staining for the AJ marker E-cadherin revealed that both β2-syntrophin and Tiam1 are present at AJs with low levels of Par-3 ([Figs 5h, 5i](#F5){ref-type="fig"} and [Supplementary Information, S5a, S5b](#SD7){ref-type="supplementary-material"}). Staining for occludin revealed that Par-3, as anticipated, is mainly present at TJs ([Supplementary Information, Figs S5c, S5d](#SD7){ref-type="supplementary-material"}). These stainings imply the presence of a Par-3-Tiam1 complex at TJs and a separate β2-syntrophin-Tiam1 complex at AJs. Consistent with this, β2-syntrophin over-expression reduced the Tiam1-Par-3 interaction ([Figs 5j, 5k](#F5){ref-type="fig"}), indicative of competition between the two complexes and supporting our conclusion that Tiam1 is regulated by different complexes at distinct cell-cell junction locations. From our immunostaining results, we cannot exclude the possibility of a ternary Tiam1-Par-3-β2-syntrophin complex, although the lack of a detectable Par-3-β2-syntrophin interaction ([Supplementary Information, S5e](#SD7){ref-type="supplementary-material"}) suggests any such complex is transitory or contains only a small proportion of the available proteins.

A Rac activity gradient exists along the apicobasal axis {#S7}
--------------------------------------------------------

We next investigated whether there is a gradient of Rac localisation and/or activity along the apicobasal axis of developing cell-cell junctions. Immunostaining for endogenous Rac and Par-3 after CS revealed that Rac is localised more basally than Par-3 at cell-cell junctions ([Figs 6a, 6b](#F6){ref-type="fig"}). We verified the Rac antibody for immunostaining using Rac1 knockdown and GFP-Rac1 over-expression ([Supplementary Information, Figs S6a-c](#SD8){ref-type="supplementary-material"}). Quantification of staining intensities at individual junctions confirmed the differential localisations of Par-3 and Rac ([Figs. 6c, 6d](#F6){ref-type="fig"}). These results suggested that Rac activity is spatially regulated along the apicobasal axis of cell-cell junctions. To address this directly, we performed FLIM-FRET (fluorescence lifetime imaging microscopy-fluorescence resonance energy transfer) analysis of a Rac biosensor in live MDCKII cells as done previously for Rho^[@R30]^. We generated MDCKII cells expressing a membrane-targeted RFP-GFP variant of the Raichu-Rac FRET reporter^[@R31]^ and and confirmed reporter function by performing FLIM-FRET analysis before and after treatment with hepatocyte growth factor (HGF), a known stimulator of Rac activity ([Supplementary Information, Fig. S6d](#SD8){ref-type="supplementary-material"}). Next, we performed FLIM-FRET analysis after CS in cells expressing either Raichu-Rac or membrane-targeted GFP control. We measured average fluorescence lifetimes across individual cell-cell junctions at 0.5 μm steps along the z-axis and compared average lifetimes at apical junctional positions (TJs) with those 1 μm below (subapical junctions). We observed no significant lifetime changes in control GFP cells ([Supplementary Information, Figs S6e, S6f](#SD8){ref-type="supplementary-material"}). Notably, we observed significantly reduced fluorescence lifetimes of Raichu-Rac, and therefore increased Rac activity, at subapical junctions compared to apical junctions ([Supplementary Information, Figs S6g, S6h](#SD8){ref-type="supplementary-material"}). These data confirmed that changes in Rac staining intensity correlate with changes in Rac activity.

Our data demonstrate the existence of an apicobasal Rac activity gradient at cell-cell junctions and we propose that β2-syntrophin and Par-3 are important determinants through their differential regulation of Tiam1 activity. To directly show that β2-syntrophin contributes to the gradient, we analysed Rac localisation after CS in β2-syntrophin knockdown cells. Rac was less separated from Par-3 in β2-syntrophin knockdown cells ([Figs 6e, 6f](#F6){ref-type="fig"}) compared with controls ([Figs 6a-d](#F6){ref-type="fig"}). Quantification revealed a significant shift of Rac in the apical direction relative to Par-3 ([Fig. 6g](#F6){ref-type="fig"}) possibly as a consequence of shifted Tiam1 ([Fig. 5g](#F5){ref-type="fig"}). We next performed FLIM-FRET analysis after CS in non-targeting RNAi and β2-syntrophin knockdown Raichu-Rac expressing MDCKII cells ([Supplementary Information, Fig. S6i](#SD8){ref-type="supplementary-material"}). We observed significantly reduced fluorescence lifetimes at subapical junctions compared to apical junctions in non-targeting RNAi cells ([Figs 6h, 6i](#F6){ref-type="fig"}), consistent with the results above ([Supplementary Information, Figs S6g, S6h](#SD8){ref-type="supplementary-material"}), while we found no significant lifetime changes in β2-syntrophin knockdown cells ([Figs 6h, 6i](#F6){ref-type="fig"}). These results together with our immunostaining data show that the Rac gradient is diminished in β2-syntrophin knockdown cells.

We next investigated the effect of Tiam1 knockdown on the Rac activity gradient using FLIM-FRET analysis. We found significantly reduced fluorescence lifetimes at subapical compared to apical junctions in Tiam1 knockdown cells, similarly to controls ([Supplementary Information, Figs S6i-k](#SD8){ref-type="supplementary-material"}). This indicates a Rac activity gradient can still be formed in Tiam1 knockdown cells, consistent with their ability to form TJs ([Figs 3a, 3c](#F3){ref-type="fig"}). However, we cannot rule out changes to the steepness of the Rac gradient in Tiam1 knockdown cells, which may account for their slightly enhanced CS-induced TER development ([Figs 3a, 3c](#F3){ref-type="fig"}). In these cells, compensatory mechanisms may exist to differentially regulate apicobasal Rac activity. Alternatively, residual Tiam1 may be sufficient to generate a gradient of Rac activity.

Spatial regulation of Rac activity is important for TJ assembly and polarity {#S8}
----------------------------------------------------------------------------

To assess the importance of the Rac activity gradient for TJ assembly, we analysed the effect of targeting constitutively active Rac1 (Rac1-V12) to TJs on CS-induced TER development. We used the GBP (GFP-binding protein) targeting system^[@R32]-[@R35]^ to force an interaction between occludin and Rac1-V12 ([Fig. 7a](#F7){ref-type="fig"}). We confirmed that GBP-tagged occludin and GFP-tagged Rac1-V12 co-expressed in MDCKII cells interact ([Supplementary Information, Fig. S7a](#SD9){ref-type="supplementary-material"}), resulting in their co-localisation at cell-cell junctions ([Fig. 7b](#F7){ref-type="fig"}). MDCKII cells expressing GBP-occludin alone, GFP-Rac1-V12 alone, or GBP-occludin with either GFP, GFP-Rac1-V12, or GFP-Rac1-WT were generated. GFP-Rac1-V12 and GFP-Rac1-WT were expressed at levels lower than endogenous Rac ([Supplementary Information, Figs S7b, S7c](#SD9){ref-type="supplementary-material"}) to minimise adverse effects of over-expression. While targeting Rac1-V12 to TJs was anticipated to disrupt the Rac activity gradient, Rac1-WT was expected to be less disruptive due to low abundance of Rac activators apically. Cells expressing GBP-occludin with GFP-Rac1-V12 had reduced CS-induced TER development indicating TJ assembly defects compared to all controls, including cells expressing GBP-occludin with GFP-Rac1-WT ([Fig. 7c](#F7){ref-type="fig"}).

Since TJ assembly and apical lumen formation are tightly connected^[@R8],[@R36]-[@R38]^, we hypothesised that disrupting the Rac activity gradient may perturb apical lumen formation. Cells expressing GBP-occludin with GFP-Rac1-V12 produced more multi-lumen cysts compared with controls when grown in collagen I matrix ([Figs 7d, 7e](#F7){ref-type="fig"}), indicative of impaired apicobasal polarity^[@R39]^. Expression of Rac1-V12 alone did not affect cyst development ([Supplementary Information, Figs S7d, S7e](#SD9){ref-type="supplementary-material"}). These results suggest that the apicobasal Rac activity gradient at cell-cell junctions regulates TJ assembly and the establishment of apicobasal polarity.

β2-syntrophin regulates polarity and is a potential tumour suppressor in the human prostate {#S9}
-------------------------------------------------------------------------------------------

The above results suggest that deregulation of the Rac activity gradient can disrupt TJ integrity and apicobasal polarity, potentially promoting cell proliferation and tumour formation^[@R2],[@R4],[@R7],[@R40]-[@R42]^. Therefore, we predicted that β2-syntrophin loss from cell-cell adhesions would disrupt apicobasal polarity and promote tumourigenesis. To address this, we first investigated whether β2-syntrophin regulates apical lumen formation. β2-syntrophin knockdown cells produced mostly multi-lumen cysts ([Figs 8a, 8b](#F8){ref-type="fig"} and [Supplementary Information, Fig. S8a](#SD10){ref-type="supplementary-material"}), consistent with our results with Rac1-V12 targeted to TJs ([Figs 7d, 7e](#F7){ref-type="fig"}).

Membrane-localised β2-syntrophin has been documented in normal prostate tissue (URL:<http://www.proteinatlas.org/ENSG00000168807/normal>). Moreover, Tiam1 over-expression correlates with poor prognosis of human prostate cancer^[@R43]^. Additionally, Rac expression has been observed in healthy prostate tissue and increased Rac expression correlates with prostate cancer progression^[@R44],[@R45]^. We therefore hypothesised that the β2-syntrophin-Tiam1-Rac signalling pathway may be deregulated in human prostate cancer. We stained a prostate cancer tissue microarray (TMA) with an anti-β2-syntrophin antibody and scored its expression levels in both malignant and pre-malignant areas ([Supplementary Information, Table 2](#SD13){ref-type="supplementary-material"}). β2-syntrophin expression was frequently reduced in malignant compared with pre-malignant areas within the same tumour section ([Supplementary Information, Figs S8b, S8c](#SD10){ref-type="supplementary-material"} and [Tables 2](#SD13){ref-type="supplementary-material"}, [3](#SD14){ref-type="supplementary-material"}). However, no significant correlation was found between malignant expression and Primary Gleason scores ([Supplementary Information, Fig. S8d](#SD10){ref-type="supplementary-material"}), indicating that β2-syntrophin down-regulation is an early event in prostate cancer pathogenesis.

Subsequently, we scored subcellular localisation of β2-syntrophin in malignant areas. Membrane β2-syntrophin intensity scores were obtained by combining the expression and localisation scores ([Supplementary Information, Table 2](#SD13){ref-type="supplementary-material"}). We found a significant negative correlation between membrane β2-syntrophin intensity and Primary Gleason score ([Supplementary Information, Fig. S8e](#SD10){ref-type="supplementary-material"}), revealing that β2-syntrophin is frequently lost from cell-cell adhesions during prostate cancer progression ([Supplementary Information, Fig. S8f](#SD10){ref-type="supplementary-material"}). Performing classification regression tree analyses^[@R46]^ to divide the membrane intensity scores into weak and strong subgroups revealed a significant association between membrane β2-syntrophin intensity and BCR (time to biochemical recurrence) free time ([Supplementary Information, Fig. S8g](#SD10){ref-type="supplementary-material"}), indicating that patients showing reduced β2-syntrophin levels at cell-cell adhesions are more likely to relapse.

DISCUSSION {#S10}
==========

We have shown that β2-syntrophin, and associated utrophin-dystrobrevin-beta, interact with an internal PBM on Tiam1--- a rare mode of PDZ recognition^[@R47]-[@R52]^. We infer that the differential effects of β2-syntrophin and Par-3 on Tiam1-Rac activity, in conjunction with their differential but also overlapping localisations, enable them to promote an apicobasal Rac activity gradient at cell-cell junctions (see models; [Figs 8c, 8d](#F8){ref-type="fig"}), which is required for optimal establishment of TJs and apicobasal polarity.

Our findings support those of Georgiou et al. whose data implied that differential apicobasal Rac activity exists in *Drosophila* columnar epithelia^[@R53]^. Here, we have directly visualised an apicobasal Rac activity gradient in mammalian epithelial cells and relate it to TJ formation and apical lumen formation. Our results also have parallels with those of Yagi et al. which demonstrated low apical Rac activity in MDCKII cysts^[@R54]^. The β2-syntrophin-Tiam1-Rac pathway might also regulate apicobasal polarity by alternative means: Tiam1, Rac, and the Dystroglycan-Par-1b complex of which syntrophin is a part all regulate laminin deposition which is important for apicobasal polarity^[@R55],[@R56],[@R57]^.

Our data enhances our understanding of tumourigenesis. We propose that deregulation of β2-syntrophin, Par-3, or Tiam1, would disrupt the Rac activity gradient, and in turn disrupt TJs and apicobasal polarity, promoting tumourigenesis^[@R2],[@R4],[@R7],[@R40]-[@R42]^. In agreement is our finding that increased Tiam1-Rac activity impedes TJ assembly and the findings of Yagi et al. showing that Tiam1 over-expression at the entire plasma membrane disrupts apicobasal polarity^[@R54]^. Moreover, Tiam1 over-expression occurs in many human tumours^[@R43],[@R58]-[@R63]^ and correlates with prostate cancer progression^[@R39]^. Our TMA data suggests that reduced membrane-associated β2-syntrophin is another mechanism by which Tiam1-Rac signalling at cell-cell junctions is deregulated and highlights the potential of β2-syntrophin as a biomarker for prostate cancer progression and prognosis. Loss of function mutations reported for utrophin could be another mechanism^[@R64]^.

The coordinated action of multiple protein complexes is a well-established mechanism of regulation of cell-cell adhesion and polarity^[@R65]^. Our data show that cooperation between the Tiam1-β2-syntrophin-utrophin-dystrobrevin-beta and Tiam1-Par-3 complexes generates finely-tuned spatial distribution of Rac activity at cell-cell junctions, controlling TJ formation and apicobasal polarity. This may explain previously reported cell-cell adhesion defects following either global Rac activation or inhibition (see our review^[@R7]^).
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![Tiam1 interacts with the β2-syntrophin PDZ domain using an internal PDZ-binding motif. (a) Exogenous Tiam1-myc expressed in HEK293T cells was immunoprecipitated with anti-myc antibody. Co-precipitated endogenous syntrophin and endogenous utrophin were detected by immunoblotting. (b) Endogenous Tiam1 from MDCKII cells was immunoprecipitated with anti-Tiam1 antibody and co-precipitated endogenous syntrophin was detected by immunoblotting. (c) MDCKII cells cultured in high calcium medium (HCM) were fixed and stained by immunofluorescence for Tiam1 and syntrophin. Scale bar represents 10 μm. (d) Schematic representation of the domain structure of full-length (FL) HA-tagged Tiam1 (FL-Tiam1-HA). Horizontal arrows indicate the various N-terminally truncated Tiam1-HA constructs used. Vertical arrow indicates where the internal KETDI PDZ binding motif (PBM) is approximately located. Myr, myristoylation site; PEST, motif rich in Proline (P), Glutamic acid (E), Serine (S), and Threonine (T); PHn-CC-EX, N-terminal pleckstrin homology, coiled-coil, extended structure; RBD, Ras binding domain; PDZ, PSD-95/Dlg1/ZO-1; DH, Dbl homology; PHc, C-terminal pleckstrin homology; HA, hemagglutinin tag. (e) Schematic representation of the domain structure of GFP-β2-syntrophin. GFP, green fluorescent protein tag; SU, Syntrophin Unique domain; PH1a and PH1b, split pleckstrin homology domain; PH2, second pleckstrin homology domain. (f) Tiam1-C196-HA-WT and Tiam1-C196-HA-ΔKETDI were transfected into HEK293T cells with the GFP-tagged PDZ domain of β2-syntrophin (GFP-Syn-PDZ). The exogenous Tiam1 fragments were immunoprecipitated with anti-HA antibody and co-precipitated GFP-Syn-PDZ was detected by immunoblotting. (g) Tiam1-HA-WT or Tiam1-HA-ΔKETDI were expressed in HEK293T cells and immunoprecipitated with anti-HA antibody. Co-precipitated endogenous syntrophin and utrophin were detected by immunoblotting. (h) The indicated HA-tagged Tiam1 fragment constructs were expressed in HEK293T cells and immunoprecipitated with anti-HA antibody. Co-precipitated endogenous syntrophin was detected by immunoblotting with anti-syntrophin antibody. (i) Tiam1-HA was immunoprecipitated from MDCKII cells which were also engineered to express shRNA targeting *β2-syntrophin* (*β2-syntrophin* RNAi\#1) following addition of doxycycline (+ dox). Co-precipitated endogenous syntrophin and utrophin were detected by immunoblotting. All data shown are representative of at least three independent experiments. IP, indicates immunoprecipitation. Uncropped images of blots are shown in [Supplementary Information, Fig. S9](#SD11){ref-type="supplementary-material"}.](ukmss-50064-f0001){#F1}

![β2-syntrophin regulates TJ assembly in MDCKII cells. (a) MDCKII cells with doxycycline-inducible expression of one of two separate shRNAs targeting *β2-syntrophin* (*β2-syntrophin* RNAi\#1, \#2) or a non-targeting control shRNA (Non-targeting RNAi) were treated with (+) or without (-) doxycycline (dox) where indicated. Levels of syntrophin and Tubulin were detected by immunoblotting. A representative immunoblot is shown. (b) Graph quantifying β2-syntrophin knockdown, n=3. (c) Calcium switch (CS) TER readings from *β2-syntrophin* RNAi\#1, \#2 or Non-targeting RNAi MDCKII cells treated with (Plus dox) or without (Control) dox, n=3. (d) CS TER readings from *β2-syntrophin* RNAi\#1 MDCKII cells expressing shRNA-resistant β2-syntrophin (β2-syntrophin-rescue) treated with (Plus dox) or without (Control) dox, n=3. (e) Immunoblot showing syntrophin levels in *β2-syntrophin* RNAi\#1 cells expressing β2-syntrophin-rescue treated with (+) or without (-) dox. Actin is used as a loading control. (f) *β2-syntrophin* RNAi\#1 MDCKII cells treated with (Plus dox) or without (Control) dox were fixed from high calcium medium (HCM), or at the indicated CS time-points, and stained by immunofluorescence for occludin. Panels show representative images from one of three independent experiments. (g) *β2-syntrophin* RNAi\#1 MDCKII cells treated with (Plus dox) or without (Control) dox were fixed at the indicated time-points after plating and stained by immunofluorescence for occludin. Panels show representative images from one of three independent experiments. (h) TER readings from *β2-syntrophin* RNAi\#1 MDCKII cells treated with (Plus dox) or without (Control) dox at the indicated time-points after plating, n=3. n represents number of independent experiments. Results in b, c, d and h represent mean values±s.e.m for the indicated number of independent experiments. Scale bars represent 30 μm. Uncropped images of blots are shown in [Supplementary Information, Fig. S9](#SD11){ref-type="supplementary-material"}.](ukmss-50064-f0002){#F2}

![Tiam1-induced Rac activity impedes TJ assembly in MDCKII cells. (a) CS TER readings for MDCKII cells inducibly expressing a *Tiam1* shRNA (*Tiam1* RNAi\#1) treated with (Plus dox) or without (Control) dox for 7 days (short dox), n=3. (b) Representative immunoblot showing the extent of Tiam1 knockdown for cells in (a). Actin was used as a loading control. (c) As for (a) but cells treated with (Plus dox) or without (Control) dox for 3 weeks (long dox), n=3. (d) Representative immunoblot showing the extent of Tiam1 knockdown for cells in (c). Tubulin was used as a loading control. (e) CS TER readings for MDCKII cells inducibly over-expressing Tiam1-HA-WT (TetOn-Tiam1-HA-WT) treated with (Plus dox) or without (Control) dox, n=3. (f) Representative images of TetOn-Tiam1-HA-WT MDCKII cells treated with (Plus dox) or without (Control) dox fixed 60 min after CS and stained by immunofluorescence for occludin and HA. (g) Graph showing average number of intact junctions as a ratio of total cell number, n=4. t-test: \*\* P\<0.005. (h) CS TER readings for MDCKII cells inducibly over-expressing Tiam1-HA-DH\* (TetOn-Tiam1-HA-DH\*) treated with (Plus dox) or without (Control) dox, n=4. (i) Representative images of TetOn-Tiam1-HA-DH\* MDCKII cells treated with (Plus dox) or without (Control) dox fixed 15 and 60 min after CS and stained by immunofluorescence for occludin and HA. (j) Graph showing average number of intact junctions as a ratio of total cell number, n=3. t-test: 15 min \* P\<0.05, 60 min P=0.310 (ns). n represents number of independent experiments. ns indicates no significant difference. Results in a, c, e, g, h and j represent mean values±s.e.m for the indicated number of independent experiments. Scale bars represent 30 μm. Uncropped images of blots are shown in [Supplementary Information, Fig. S9](#SD11){ref-type="supplementary-material"}.](ukmss-50064-f0003){#F3}

![β2-syntrophin promotes Tiam1-Rac activity during TJ assembly. (a-c) MDCKII cells inducibly over-expressing Tiam1-HA-ΔKETDI (TetOn-Tiam1-HA-ΔKETDI) were treated with (Plus dox) or without (Control) dox. (a) Calcium switch (CS) TER readings, n=3. The dotted line represents the TER peak from dox-treated TetOn-Tiam1-HA-WT cells normalised to that of control TetOn-Tiam1-HA-ΔKETDI cells. (b) Representative images of cells fixed 60 min after CS and stained by immunofluorescence for occludin and HA. (c) Graph showing average number of intact junctions as a ratio of total cell number, n=3. t-test: P=0.223 (ns). (d) Dox-treated confluent TetOn-Tiam1-HA-WT, TetOn-Tiam1-HA-ΔKETDI and TetOn-Tiam1-HA-DH\* cells were maintained in high calcium medium (HCM) or subjected to 60 min CS and subsequently lysed and assayed for Rac activity. (e) Quantification of (d), n=5. t-test: HCM P=0.938 (ns), 60 min switch \*\* P\<0.005. (f-i) Confluent *β2-syntrophin* RNAi\#1 cells were treated with (+ or plus dox) or without (- or control) dox. (f) Immunoblot from cells maintained in HCM and subsequently lysed and assayed for Rac activity. (g) Quantification of (f), n=3. Paired t-test: P=0.381 (ns). (h) Immunoblot from cells subjected to 0, 30 or 60 min CS and subsequently lysed and assayed for Rac activity. (i) Quantification of (h), n=5. Paired t-test: 30 min \* P\<0.05, 60 min \*\* P\<0.005. (j) Immunoblot from confluent *Tiam1* RNAi cells treated with (Plus dox) or without (Control) dox, subjected to 0 or 60 min CS and subsequently lysed and assayed for Rac activity. (k) Quantification of (j), n=3. t-test: \* P\<0.05. (l-n) TetOn-KETDI-44 cells were treated with (+) or without (-) dox. (l) Endogenous Tiam1 was immunoprecipitated with anti-Tiam1 antibody and co-precipitated endogenous syntrophin was detected by immunoblotting with anti-syntrophin antibody. (m) Immunoblot from cells subjected to 0 or 60 min CS and subsequently lysed and assayed for Rac activity. (n) Quantification of (m), n=3. t-test: 60 min \*\* P\<0.005. n represents number of independent experiments. ns indicates no significant difference. Results in a, c, e, g, i, k and n represent mean values±s.e.m for the indicated number of independent experiments. Scale bars represent 30 μm. Uncropped images of blots are shown in [Supplementary Information, Fig. S9](#SD11){ref-type="supplementary-material"}.](ukmss-50064-f0004){#F4}

![β2-syntrophin, Par-3 and Tiam1 localise differently along the apicobasal junctional axis. (a-g) *β2-syntrophin* RNAi\#1 MDCKII cells treated with (β2-syntrophin knockdown) or without (Control) dox were subjected to 6 hours calcium switch (CS) and then fixed and stained with anti-Par-3, anti-Tiam1 and anti-syntrophin antibodies. (a) Representative images of Control cells in the x/y planes at three different z-steps with 1.2 μm separation. (b) Images of Par-3, Tiam1 and Syntrophin stainings in the x/z plane at a cross-section along the junction highlighted in (a) by a white arrow. (c) Quantification of Par-3, Tiam1 and Syntrophin staining intensities (normalised to their own maximal intensity) at the junction shown in (b). (d) A representative experiment quantifying average staining intensities for Par-3, Tiam1 and Syntrophin (normalised to their own maximal intensity) from individual junctions of control cells at four junctional positions (1 μm apart on the z-axis). (e) Quantification of Par-3 and Tiam1 staining intensities (normalised to their own maximal intensity) at a representative junction from a β2-syntrophin knockdown cell. (f) Images of Par-3, Tiam1 and Syntrophin stainings in the x/z plane at a cross-section along the junction quantified in (e). (g) Quantification of Tiam1 staining intensities at apical junction positions (where Par-3 staining intensity was closest to 0.8) of individual junctions in control and β2-syntrophin knockdown cells, n=3. t-test: \* P\<0.05. (h) MDCKII cells fixed and stained with anti-Par-3, anti-E-cadherin and anti-syntrophin antibodies 6 hours after CS. Representative images are shown in the x/y planes at three different z-steps with 1.2 μm separation. (i) Images of the x/z plane at a cross-section along the junction highlighted in (h) by a white arrow. (j) Endogenous Tiam1 was immunoprecipitated from GFP-alone or GFP-β2-syntrophin over-expressing MDCKII cells 6 hours after CS with anti-Tiam1 antibody and co-precipitated endogenous Par-3 was detected by immunoblotting with anti-Par-3 antibody. (k) Quantification of (j), n=3, t-test: \*\* P\<0.005. n represents number of independent experiments. Results in g and k represent mean values±s.e.m for the indicated number of independent experiments. Scale bars represent 10 μm. Syn, Syntrophin. Uncropped images of blots are shown in [Supplementary Information, Fig. S9](#SD11){ref-type="supplementary-material"}.](ukmss-50064-f0005){#F5}

![An apicobasal Rac activity gradient at cell-cell junctions. (a-g) *β2-syntrophin* RNAi\#1 MDCKII cells treated with (β2-syntrophin knockdown) or without (Control) dox subjected to 3 hours calcium switch (CS), were fixed and stained with anti-Par-3 and anti-Rac antibodies. (a) Representative images of Control cells in the x/y planes at three different z-steps with 1.0 μm separation. (b) Images of Par-3 and Rac stainings in the x/z plane at a cross-section along the junction highlighted in (a) by a white arrow. (c) Quantification of Par-3 and Rac staining intensities (normalised to their own maximal intensity) at the junction shown in (b). (d) A representative experiment quantifying average staining intensities for Par-3 and Rac (normalised to their own maximal intensity) from individual junctions of control cells at three junctional positions (1 μm apart on the z-axis). (e) Quantification of Par-3 and Rac staining intensities (normalised to their own maximal intensity) at a representative junction from a β2-syntrophin knockdown cell. (f) Images of Par-3 and Rac stainings in the x/z plane at a cross-section along the junction quantified in (e). (g) Quantification of Rac staining intensities at apical junction positions (where Par-3 staining intensity was closest to 0.8) of individual junctions in control and β2-syntrophin knockdown cells, n=3. Paired t-test: \* P\<0.05. (h, i) FLIM-FRET analysis of Non-targeting or *β2-syntrophin* RNAi Raichu-Rac MDCKII cells 6 hours after CS. (h) Representative lifetime images in the x/y plane at apical and subapical junctional positions. Fluorescence lifetimes of GFP are shown in false colours. Red indicates high lifetime (inactive), yellow/green indicates low lifetime (active). (i) Average fluorescence lifetimes found at subapical and apical junctional positions, n=3. Paired t-test: Non-targeting RNAi \*\* P\<0.005, *β2-syntrophin* RNAi P=0.094 (ns). n represents number of independent experiments. ns indicates no significant difference. Results in g and i represent mean values±s.e.m. for the indicated number of independent experiments. Scale bars represent 10 μm.](ukmss-50064-f0006){#F6}

![The cell-cell junction Rac activity gradient promotes TJ assembly and apicobasal polarity. (a) Schematic representation of the GBP-GFP system used to target GFP-tagged proteins to TJs. GBP, GFP binding protein. (b-e) MDCKII cell lines expressing either GBP-Pk-occludin, GFP-Rac1-V12, GBP-Pk-occludin and GFP, GBP-Pk-occludin and GFP-Rac1-V12 or GBP-Pk-occludin and GFP-Rac1-WT, were generated. (b) Representative images of cell lines indicated, fixed and stained with anti-GFP and anti-Pk antibodies. The images shown are from a single z-section. Scale bar represents 30 μm. (c) CS TER readings: GBP-occludin (n=4), GFP-Rac1-V12 (n=6), GBP-occludin+GFP (n=9), GBP-occludin+GFP-Rac1-V12 (n=7) and GBP-occludin+GFP-Rac1-WT (n=3). (d) Images showing single cross-sections of representative cysts of GBP-occludin+GFP, GBP-occludin+GFP-Rac1-V12 or GBP-occludin+GFP-Rac1-WT expressing MDCKII cells grown in collagen I matrix and stained for Actin (red, left panel), Gp135 (green, middle panel) as an apical marker, and Hoechst (blue, right panel) to show nuclei. Scale bar represents 10 μm. (e) Quantification of abnormal cysts from (d), n=3. The total number of cysts analysed for each cell line is shown. Paired t-test: GFP control vs. Rac1-WT P=0.572 (ns), GFP control vs. Rac1-V12 \* P\<0.05. n represents number of independent experiments. ns indicates no significant difference. Results in c and e represent mean values±s.e.m for the indicated number of independent experiments.](ukmss-50064-f0007){#F7}

![β2-syntrophin promotes apicobasal polarity. (a) Images show single cross-sections of representative cysts of *β2-syntrophin* RNAi\#1, \#2, or Non-targeting RNAi MDCKII cells treated with dox and stained for Actin (red, left panel), Gp135 (green, middle panel), and Hoechst (blue, right panel). (b) Quantification of (a) and [Supplementary Information, Fig. S8a](#SD10){ref-type="supplementary-material"}, n=3. The total number of cysts analysed is shown. Paired t-test: *β2-syntrophin* RNAi\#1 \* P\<0.05, *β2-syntrophin* RNAi\#2 \*\* P\<0.005, Non-targeting RNAi P=0.600 (ns). (c) Model depicting the differential localisations of Par-3 and β2-syntrophin and their differential effects on Tiam1-Rac activity at cell-cell junctions. (d) Model depicting the differential but overlapping localisations of *β2-syntrophin,* Par-3, Tiam1 and Rac at cell-cell junctions, which enable them to promote an apicobasal junctional Rac activity gradient. β2-syn, β2-syntrophin. n represents number of independent experiments. Results in b represent mean values±s.e.m for the indicated number of independent experiments. Scale bar represents 10 μm.](ukmss-50064-f0008){#F8}
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